1. Forearm muscle substrate utilization was studied during exercise induced by median nerve stimulation in five patients with paretic forearm muscles due to upper motor lesions and in five healthy control subjects.
motor lesions. The present study was undertaken in an attempt to characterize certain aspects of carbohydrate and free fatty acid (FFA) metabolism in paretic muscle, utilizing the forearm as an experimental model and electrically induced rhythmic exercise (Landin & Wahren, 1969) .
METHODS

Subjects
Two groups of subjects were studied. One comprised five male patients with upper motor lesions of different types and duration; in all these patients one arm showed incomplete paresis and four of them presented different degrees of spasticity. The extent of paresis varied but all patients could close their fists. Rhythmic movements were considerably hindered and none could exercise voluntarily at the work level used in the study (4 kpmjmin). A surgical biopsy from the flexor muscles of the studied forearm was made in all patients and the muscle fibres were stained and characterized as described by Edstrom & Nystrom (1969) . A selective atrophy of the white fibres was seen in accordance with previous findings for this patient group (Edstrom, 1970) . Subject S.L-G. differed slightly from the others in showing also a moderate degree of atrophy of the red fibres. The patients were acquainted with the stimulation procedure before the study and the ability to maintain work for 30 min was checked. Five healthy male volunteers (three firemen and two students) served as controls. They attended regular health check-ups and were in good health at the time of the study. Clinical data for both groups are given in Table I .
Both the patients and the control subjects were informed of the nature, purpose and risks involved in the study before giving their consent. 
Procedure
All subjects were studied after an overnight fast. Teflon catheters were inserted percutaneously into the radial and brachial arteries and a deep vein of one forearm. A cutaneous electrode was positioned over the median nerve in the antecubital fossa and the optimum stimulation point identified as described by Landin & Wahren (1969) . The forearm was fitted into a plastic casing that stabilized the wrist and prevented movements of the radio-ulnar joint. The fingers were adapted to the handles of a hand ergometer, the handles being adjusted so that the middle phalanges of the second, third and fourth fingers were approximately vertical. The hand ergometer was a modified version of the instrument described by Wahren (1966) . Since the forearm muscles of four patients were spastic, rapid relaxation after completed contraction was precluded. A pneumatic device was therefore designed (AB Piab, Stockholm, Sweden) to return the hand ergometer handles to the resting position after each contraction. This pneumatic return was activated in the study of control subjects as well as patients.
Blood samples were obtained at rest during occlusion of the hand circulation. Rhythmic forearm exercise was then induced for 30 min by median nerve stimulation with two connected Grass stimulators (S 4) and a stimulus isolation unit (Grass, SIU-4). The stimuli were given at a frequency of 90/min, each stimulus having a duration of 100 ms and consisting of square waves of 1 ms duration with a frequency of 30/s. The strength of the stimulus was adapted to give a work intensity of 4 kpm/min and was approximately twice the rheobase in the patient group and 1'5 times in the control group. Mechanical work during stimulation was maintained at a constant value except for occasional periods of 20-30 s, when complete contraction of the hand ergometer handles failed but could be recovered after adjustment of the stimulation point.
At rest and at timed intervals during the exercise period, blood samples were obtained from the radial artery and deep vein for analyses of oxygen and carbon dioxide content, glucose, lactate, pyruvate and free fatty acid (FFA) concentrations and haematocrit. Brachial artery blood flow was determined during exercise by using an indicator dilution procedure (Wahren, 1966) . After 10 min of exercise albumin-bound 14C-labelled oleate (2 j.LCi) was infused into the brachial artery of the exercising forearm. Blood samples were collected during and after the infusion for measurement of FFA uptake and oxidation as described by . All analytical methods and the calculations of data have been described in detail previously Jorfeldt & Wahren, 1970) .
Forearm volume was measured by water displacement. The maximal force of isometric finger flexion was tested by using a strain gauge dynamometer and a Philips PT 1200/01 measuring bridge. The instrument was calibrated against known forces. The maximal hand grip strength obtainable with electrical stimulation was usually elicited at approximately twice the rheobase; increasing the stimulus strength from 1'5 to 2 times the rheobase caused only a slight increase in hand-grip strength. Skinfold thickness of the volar part of the forearm was measured with a skinfold caliper (pressure 10 g/mm RESULTS All patients and control subjects stated that the electrical stimulation and the pneumatic return of the handles was associated with no or only minor discomfort. The exercise could be maintained for 30 min in all subjects except one (S.L-M.), in whom mechanical work performance gradually declined after 20 min and the stimulation was discontinued.
Data for blood flow, (a-dv) oxygen difference and calculated forearm-muscle oxygen uptake are given in Table 2 . There was no significant difference between the patient and control TABLE 2. Mean±SE for glucose, lactate, pyruvate, blood flow, arterial-deep venous oxygen difference and estimated forearm muscle oxygen uptake at rest and during electrically induced exercise in the patient (P) and control (C) groups. Arterial (a), arterial-deep venous (a -dv) concentration differences, lactate/pyruvate (L/P) ratios, calculated uptake and production values are given Exercise Rest 10 min 20 min 30 min
Pyruvate. (}lmol/ml) P 0·083 ± 0·007 0·084±0·004 0·091 ±0·003 0·083±0·006 C 0·070 ± 0·004 0·080±0·005 0·083 ± 0'003 0·078±0·007 Pyruvate dv_. ()lmol ml) P 0·015±0·018 0·020±0·006 0·033±0·012 0'012± 0·013 c 0·005 ± 0·004 0'039±0'009 0·040±0·005 0·038 ± 0·007 Pyruvate production (}lmol min -1
Blood flow (ml min-1 100 ml-1 )
Oxygen uptake (ml min-1 100 ml-1 ) P O·37±O·O7 3'2±O'5 3·0±O·3 2·5±O·1 C 0·34±O·O3 4·2±0-4 4·4±0·5 3·7±O·4
groups for these variables at rest. During exercise mean values for blood flow were lower in the patient group but not significantly so. The (a-dv) oxygen difference was also lower for the patient group during exercise (P<O'05) and calculated oxygen uptake was significantly lower for the patient group (P<O·OI). The small decrease in oxygen uptake during the exercise period seen in both groups was not statistically significant. The arterial glucose concentration and the (a-dv) glucose difference did not differ significantly between the two groups at rest or during exercise ( Table 2 ). The arterial concentrations of glucose were unchanged with exercise and the (a-dv) glucose differences showed similar ---------E x e r c i s e -------__ 20 10 12 1 __ -6.-__ -6--=--+_"0 patterns of change for the two groups, with a gradual increase (P<O'OI) during the course of the exercise period. The calculated glucose uptake was smaller for the patient group than for the controls (P<O·05).
The arterial lactate concentrations did not vary significantly between the two groups either at rest or during exercise ( Table 2 ). The lactate (dv-a) difference in the patient group at rest was higher than for the control subjects (P<O·Ol) . Throughout the exercise period the mean values for lactate (dv-a) difference in the patient group were higher than for the control subjects (P<O·OI) . In spite of the slightly lower blood flow in the patient group, lactate production was significantly higher (P<O'OI, Fig. I ).
The arterial pyruvate concentrations for the two groups were not significantly different at rest or during exercise ( Table 2 ). The (dv-a) pyruvate difference was larger in the patient group at rest (P<O·05). However, during exercise pyruvate (dv-a) difference and calculated pyruvate production were both larger in the control group (P<O·05).
The ratio between the concentrations of lactate and pyruvate of deep venous blood (L/P ratio) was calculated at rest and during exercise ( Table 2 ). At rest there was no significant difference between the two groups. During exercise, on the other hand, lactate/pyruvate ratio in the patient group was significantly higher than in the control group (P<O·()()5). Similar patterns of change were seen during the exercise period for the two groups; the peak being reached early, followed by a gradual decline.
Results relating to FFA metabolism for the two groups are summarized in Table 3 . Arterial concentrations of FFA, fractional uptake, FFA uptake and release were all similar for the two groups and although the small number of observations precluded extensive statistical comparison, there seemed to be no major differences for these variables. There was a markedly lower fractional oxidation of FFA during exercise (P<O'05) in the patient group as compared with the control subjects. Values for respiratory quotient (R.Q.) were similar at rest but values found in the patient group during exercise (mean 1'41) were markedly elevated in relation to the control subjects and to what one would expect for a steady-state oxidative metabolic exchange.
DISCUSSION
For the comparison between results obtained in the patient and control groups it is essential to know if uncontaminated forearm deep-venous blood was sampled in both groups. The same procedure for deep-venous catheterization was used in all subjects and the catheter was manipulated until it had advanced 5-8 em upstream and its tip could no longer be palpated.
Previous radiographic studies have demonstrated that catheters so introduced sample blood from the deep forearm veins (Idbohrn & Wahren, 1964; Wahren, 1966) . Moreover, during exercise at the work load used in this study the deep veins do not drain the hand or the subcutaneous tissue of the forearm but only the deep structures of the forearm (Idbohrn & Wahren, 1964) . Several factors that could not be measured in the present study may influence the calculations of uptake and production of variables expressed per unit of muscle mass. These calculations were based on an estimated muscle mass of 60% of the forearm volume (Abramson & Ferris, 1940; Cooper, Edholm & Mottran, 1955) . This value was arrived at from post-mortem dissections of the forearm and may not be applicable in the present study of patients with motor lesions and possible muscular atrophy. This error may be of importance particularly in the calculation of lactate production but it is noted that if the forearm muscle mass were smaller in the patient group than in the control subjects this would further accentuate the differences between the groups.
The patients differed from the controls in showing larger lactate production and smaller pyruvate production during exercise, resulting in a higher lactate/pyruvate ratio of deep venous blood. This is probably associated with an even higher lactate/pyruvate ratio intracellularly (Karlsson, 1971) . Since the exercise is performed under conditions of relative steady state and the difference in lactate/pyruvate ratio persists during the entire exercise period the finding is interpreted as indicating a higher cytoplasmic NADHfNAD+ ratio in the patient group (Jobsis, 1964) . Together with the low oxygen uptake and fractional FFA oxidation, these deviations from the controls all indicate a defect in the oxidative efficiency of the paretic muscle. It is not possible from the present study to judge at what level this defect is located. Blood flow was slightly lower in the patient group, but if there was a primary decrease in the capacity to increase blood flow during exercise one would expect increased oxygen extraction; in contrast lower (a-dv) oxygen differences were observed. Among the possible explanations are decreased capillary density of the muscle and qualitative and/or quantitative changes in the oxidative enzymes or in the mitochondrial membrane transport of the muscle cell.
In the absence of information on metabolic adaptation in paretic muscle, the present results may be viewed against the background of a contrasting state. Physical training is known to be associated with a discrete pattern of biochemical adaptation in muscle, with increased capacity for oxidation of pyruvate (Holloszy, 1967; Fuge, Crews, Pattengale, Holloszy & Shank, 1968) and palmitoyl carnitine (Holloszy, Oscai, Mole & Don, 1971) . These adaptive alterations are likely to go in the opposite direction to those expected for the relatively inactive muscle tissue in patients with paresis and upper motor lesions. The present finding of decreases in oxygen uptake and in fractional oxidation of FFA and elevated lactate/pyruvate ratio in the patient group is in line with this reasoning.
The fractional <¥dation of FFA was lower in the control group than that reported for voluntary forearm exercise at approximately the same work intensity (Hagenfeldt & Wahren, 1971) . FFA fractional oxidation during exercise has been found to decrease with the work intensity in healthy subjects and the present results for electrically induced exercise in the control group at 4 kpm/min are similar to those found during voluntary exercise at 10 kpm/min . However, values for fractional oxidation as low as those obtained in the patient group have not been found for subjects even at the highest work load tested (15 kpm/min; Hagenfeldt & Wahren, 1971) . FFA fractional oxidation in healthy subjects correlates positively with the oxygen uptake and negatively with the lactate/pyruvate ratio and the present results showing low fractional oxidation in paretic muscle are in agreement with these correlations.
The low fractional oxidation in the patient group cannot be explained by a retention of radioactivity in the intracellular carbon dioxide pools, since the rate of 14C02 elimination did not differ significantly between the two groups (Table 3) . This makes it difficult to explain the high R.Q. (mean 1'41) during exercise in the patient group.
When evaluating the metabolic results it should be remembered that it was necessary to use a slightly higher stimulus intensity in the patient group (twice the rheobase) than in the control group (l .5 times). Differences in size of the axons to the different types of units (Henneman & Olson, 1965) and thus systematic variation in their activation threshold may be of importance in this context. However, consideration of the strength of the induced forearm contraction during the exercise period in relation to the maximally obtainable response (Table I ) makes it likely that most white units were activated in both the studied groups and that if any difference in stimulation strength was at hand it would be in the direction of a preponderance of red-unit recruitment in the patient group (Edstrom & Kugelberg, 1968) .
Histochemical studies of muscle tissue from the biceps brachii in patients with upper motor lesions of the types represented in the present study have demonstrated the selective occurrence of white fibre atrophy and in some cases with pronounced spasticity, the presence of hypertrophic red fibres (Edstrom, 1968 (Edstrom, , 1970 . Similar changes were found in the forearm flexor muscles of the present patient group. It is evident that the histochemically demonstrated type of selective atrophy of muscle fibres bears no simple relationship to their metabolic exchange.
The finding of a notably high lactate (dv -a) difference and lactate production at rest in the patient group was thought to be due to the spasticity and rigidity of the forearm muscles, but it is noted that the subject S.L-G. also had an abnormally high lactate (dv-a) difference in spite of no spasticity. The large lactate (dv-a) difference at rest, slightly exceeding the simultaneous glucose (a-dv) difference, indicates that glycolysis and glycogenolysis played a more prominent role in resting metabolic exchange in the patient group than in the control subjects.
